To clarify the regional differences in the expression and functional significance of Ga-gustducin in soft palate (SP) and fungiform (FF) taste buds, we examined the coexpression of Ga-gustducin with taste receptors and the impact of Ga-gustducin knockout (gKO) on neural responses to several sweet and bitter compounds. Sweet responses from both the greater superficial petrosal (GSP) and chorda tympani (CT) nerves in gKO mice were markedly depleted, reflecting overlapping expression of Gagustducin and Tas1r2. However, although Ga-gustducin was expressed in 87% and 88% of Tas2rs cells in the SP and FF, respectively, there were no statistically significant differences in the CT responses to quinine-HCl (QHCl) and denatonium (Den) between gKO and wild-type (WT) mice. In contrast, GSP responses to these compounds were markedly reduced in gKO mice with an apparent elevation of thresholds (>10-fold). These results suggest that 1) Ga-gustducin plays a critical role in sweet transduction in both the SP and the FF, 2) other Ga subunits coexpressed with Ga-gustducin in the FF are sufficient for responses to QHCl and Den, and 3) robust GSP responses to QHCl and Den occur in the SP by a Ga-gustducin-dependent mechanism, which is absent in the FF.
Introduction
Sweet and bitter tastes provide 2 conflicting cues for survival evoking appetitive and aversive behavior, respectively. Among 5 basic tastes, sweet, bitter, and umami are primarily mediated by G-protein-coupled receptors belonging to Tas1r and Tas2r families. Heterodimers of Tas1rs serve as specific taste receptors: Tas1r2/Tas1r3 for sweet (Nelson et al. 2001; Li et al. 2002) and Tas1r1/Tas1r3 for umami (Nelson et al. 2002) . Each member of the Tas2r family is assumed to serve as a bitter taste receptor possessing a distinctive repertoire for bitter tastants based on the functional diversity of human TAS2Rs Chandrashekar et al. 2000; Matsunami et al. 2000; Behrens and Meyerhof 2011) . Tas1rs and Tas2rs are expressed specifically in type II cells within taste buds in a segregated manner that contribute to opposite behavioral reactions between sweet and bitter by establishing independent entrances for labeled lines of neuronal wiring from taste buds to the brain (Chandrashekar et al. 2006) .
Several lines of evidence suggested that Ga-gustducin, an alpha subunit of the G-protein expressed in the type II cells, is involved in both sweet and bitter signal transduction (Wong et al. 1996; Boughter et al. 1997; Ruiz-Avilla et al. 2001; He et al. 2002 He et al. , 2004 Ruiz et al. 2003; Glendinning et al. 2005; Danilova et al. 2006) . In terms of Ga-gustducin expression, a region-dependent selective expression in sweet or bitter taste receptor cells was suggested on the tongue (Kim et al. 2003; Miura et al. 2007; Shigemura et al. 2008) , whereas other downstream signaling components including phospholipase Cb2, type III inositol 1,4,5-triphosphate receptor, and Trpm5 are expressed specifically and uniformly in type II cells on the whole tongue (Zhang et al. 2003) . In the circumvallate papillae (CV), Ga-gustducin is coexpressed predominantly with bitter receptors and rarely with sweet receptors. In contrast, Gagustducin is coexpressed with sweet receptors in fungiform (FF) papillae, whereas coexpression of Ga-gustducin and bitter receptors was not examined in the FF.
In spite of many studies on Ga-gustducin, our understanding of regional differences in the expression and functional significance of Ga-gustducin remains elusive. The response of the chorda tympani (CT) nerve that specifically innervates taste buds in FF papillae in Ga-gustducin knockout (gKO) mice was reduced markedly for sweet but only slightly for bitter stimuli (Wong et al. 1996; He et al. 2002 He et al. , 2004 Danilova et al. 2006; Ohkuri et al. 2009 ). It is unclear whether Ga-gustducin is expressed in bitter taste receptor cells in the FF. Coexpression of Ga-gustducin and Tas2rs has not been examined in either the FF or the soft palate (SP). Furthermore, no functional information is available for the role of Ga-gustducin in the SP in mice even though the greater superficial petrosal (GSP) nerve specifically innervating the SP shows robust responses to both sweet and bitter stimuli compared with CT responses.
To clarify the regional difference of Ga-gustducin function, we examined the expression of Ga-gustducin, Tas1rs, and Tas2rs in the FF and SP and evaluated the impact of gKO on the neural responses to several sweet and bitter compounds in both the CT and the GSP.
Materials and methods
All animal experimentation was conducted in Kagoshima University, and all experimental procedures were approved by the institutional animal care and use committees before the onset of the experiments.
Double-labeled in situ hybridization
The animals used for in situ hybridization were male C57BL/ 6J mice (n = 9, 8-15 weeks of age) that were purchased from CLEA Japan and sacrificed by injection of an excessive dose of sodium pentobarbital (250 mg/kg, intraperitoneally; Nembutal; Abbott Laboratories). SP and FF were excised, placed in embedding compound (OCT compound; Sakura Finetech), and rapidly frozen on dry ice. Sagittal sections of whole SP and coronal sections of anterior one-fourth of tongue (FF) were made at 5 lm and stored at -80°C.
Antisense complementary RNA. (cRNA) probes were transcribed in vitro with digoxigenin-or fluorescent-UTP with an RNA transcription kit (Roche Diagnostics GmbH) from a linearized plasmid containing one of the following cDNA inserts: Ga-gustducin (1123-1623: GenBank X65747), Trpm5 (1-3777: GenBank NM_020277), Tas1r2 (290-2331: GenBank NM_031873), Tas1r3 (33-2609: GenBank AB049994), and 1 of 21 Tas2rs (Table 1) . Tas2r cDNA were amplified by reverse transcriptase-polymerase chain reaction (PCR) and cloned into pGEM-T easy vector (Promega). The expression of Tas2r receptors was weaker in the FF than in the CV, and single applications of one of Tas2r probes could not detect Tas2r expression in the FF. Therefore, a mixture of 21 Tas2r cRNA probes was used to detect Tas2r expression sensitively, whereas other cRNA probes were used independently. Each probe was added in hybridization buffer at the same concentration of 0.5 lg/ml.
The sections were fixed with 4% paraformaldehyde in phosphate-buffered saline for 10 min at room temperature, hybridized with cRNA probes in hybridization buffer (50% formamide, 5· saline-sodium citrate (SSC), 5· Denhardt's solution, 500 lg/ml salmon sperm DNA, and 250 lg/ml tRNA) at 65°C, and washed with 0.2· SSC at 65°C for 90 min. The sections were incubated with TBSTB (Tris-buffered saline [TBS] containing 0.05% Tween 20 and 1% blocking reagent [Roche Diagnostics GmbH] ) at room temperature for 60 min to block nonspecific staining. For double-color detection, sections were incubated overnight at 4°C with alkaline phosphatase (AP)-conjugated antidigoxigenin antibody (1:400; Roche Diagnostics GmBH) and peroxidase-conjugated antifluorescent antibody (1:100; Roche Diagnostics GmBH). After washing with TBST, sections were treated with tyramide-biotin (Perkin-Elmer Life Science) at room temperature for 60 min, washed with TBST, and incubated with streptavidin-Alexa 488 (5 lg/ml; Invitrogen) in TBSTB at room temperature for 30 min. The sections were washed with TBST and treated with 2-hydroxy-3-naphthoic acid-2-phenylanilidephosphate (HNPP)/Fast Red AP substrate (Roche Diagnostics GmBH). Images were captured with a Retiga EX camera system (Rooper, Retiga-LM) and a Leica DM-IRB fluorescence microscope (Leica Microsystems). Each signal with an unstained nuclear profile in every fourth section was analyzed in order to avoid any double counting of the gene-expressing cells. In each section, the numbers of cells having the signals for Alexa 488 or HNPP/Fast Red were counted. Double-color fluorescent images were merged using Photoshop (Adobe Systems). In situ hybridization with sense probes was performed as a negative control. No specific signals were found with any of the sense probes.
Nerve recordings from the GSP and CT
The gKO mice used in the present report, which were originally created by homologous recombination in 129/Sv background embryonic stem cells (Wong et al. 1996) , have >99.6% C57BL/6 background after backcrossing with C57BL/6 mice (Ohkuri et al. 2009 ). gKO mice (n = 32, 26.1 ± 3.2 g body weight [BW], 9-17 weeks of age) and C57BL/6J mice (n = 33, 28.8 ± 5.9 g BW, 8-20 weeks of age) purchased from CLEA Japan were used. The genotype of each mouse was identified by the PCR analysis of genomic DNA. PCR products for either Ga-gustducin (800 bp) or neo (500 bp) were separated by agarose gel electrophoresis. gKO mice were identified by the presence of neo and absence of Ga-gustducin, which indicates that neo had replaced both Ga-gustducin alleles in the genome. All animals were maintained on a 12:12 light:dark cycle and had chow pellets and water available ad libitum. The temperature of the room was kept at 20 ± 2°C. Each mouse was anesthetized deeply with sodium pentobarbital (50 mg/ml; Nembutal; Abbott Laboratories). The anesthetic solution was diluted to one-fifth with mammalian Ringer's solution and injected intraperitoneally at 0.5 ml/100 g BW. The level of surgical anesthesia was maintained by supplemental doses (0.2 ml/100 g) of 5 times diluted Nembutal. The surgical procedure to dissect the GSP or CT was similar to that described previously (Harada and Smith 1992; Harada et al. 1997) . Briefly, the head of the animal was fixed with a nontraumatic head holder, and the trachea was cannulated with polyethylene tubing. The ventral wall of the right or left tympanic bulla was removed, and the tensor muscle was cut at the tendon attached to the malleus and removed carefully. The CT was cut at the central entrance of the wall of the tympanic bulla and was detached carefully from the malleus. For the dissection of the GSP, the cochlea was left intact and a thin layer of a part of the temporal bone overlying the GSP was removed. The GSP was dissected free from the surrounding tissue and transected at its exit from the geniculate ganglion. Electrophysiological recordings were performed as described previously (Harada et al. 1997 ).
An outlet of polyethylene tubing (2.5 mm inner diameter) was placed adjacent to the SP or to the anterior portion of the tongue for application of taste stimuli and rinsing water at a flow rate of 2 ml/s. Distilled water (DW) constantly flowed over the palate or tongue and was switched to a taste stimulus for 10 s by an electromagnetic valve. Taste stimulation was controlled by a computer system (DOS/V, ASUS). Stimulus solutions were made in DW with reagent grade chemicals (Nacalai Tesque Inc.). The stimuli were 0.5 log step concentration series of sucrose (Suc, 3 · 10 -3 to 1.0 M), sucralose (Sucra, 3 · 10
, NaCl (3 · 10 -5 to 1.0 M), and HCl (3 · 10 -5 to 1 · 10 -2 M). Stimulus solutions were prepared weekly and stored at 5°C. All stimuli and rinsing water were presented to the tongue and palate at 20 ± 2°C.
Data analysis
Because Ga-gustducin is not involved in the transduction of NaCl, responses to NaCl are not affected by gKO (Wong et al. 1996; Glendinning et al. 2005; Danilova et al. 2006) . Therefore, all responses recorded were calculated relative to the magnitudes of the phasic response to 1 · 10 -1 M NaCl as a standard solution. The standard solution was applied just prior to and subsequent to each concentration series or between every 3-4 stimulations. The height of the peak of the initial phasic response from the base line and the height of the tonic response 10 s after stimulus onset were used as measures of the response magnitude to each stimulus. For each of the concentration series, the responses in gKO and C57BL/6J mice were analyzed by analysis of variance (ANOVA) with subjects as variables; a multiple comparison post hoc test (Bonferroni-Dunn) was used to check statistical significance between each possible pair of mean response magnitudes.
Results
Ga-gustducin is expressed in the great majority of sweet and bitter taste receptor cells in both the SP and the FF The expression of Ga-gustducin in the SP and FF was analyzed by examining its coexpression with Trpm5, sweet taste receptors (Tas1r2 and Tas1r3), or bitter taste receptors (Tas2rs) using double-labeled in situ hybridization. All the Ga-gustducin-expressing cells were found in Trpm5-expressing cells in both the SP and the FF, although the coexpression pattern of Ga-gustducin and Trpm5 showed obvious differences between the SP and the FF. The expression of Ga-gustducin was observed in almost all Trpm5-expressing cells (97%) in the SP but was limited to 72% in the FF (Figures 1a and 2a) .
In the SP, 91% and 89% of Tas1r2-and Tas1r3-positive cells, respectively, expressed Ga-gustducin (Figures 1c,d  and 2b ). In the FF, 90% and 85% of Tas1r2-and Tas1r3-positive cells, respectively, expressed Ga-gustducin. Therefore, Ga-gustducin was expressed in the great majority of sweet taste receptor cells in both the SP and the FF. Similar to sweet receptor cells, Ga-gustducin was expressed in 87% and 88% of Tas2rs-positive cells in the SP and FF, respectively (Figures 1b and 2b) . Conversely, Ga-gustducinpositive cells were shared between Tas1r and Tas2r receptor cells. In the SP, 40% and 49% of Ga-gustducin-positive cells expressed Tas1r2 and Tas1r3, respectively, and 46% expressed Tas2rs (Figure 2c ). In the FF, 55% and 75% of Ga-gustducin-positive cells expressed Tas1r2 and Tas1r3, respectively, and 26% expressed Tas2rs (Figure 2c ). Whereas the ratio of Tas1r and Tas2r receptor cells was roughly 1 to 1 in Ga-gustducin cells in the SP, the ratio of Tas1r receptor cells among Ga-gustducin cells was 2-3 times greater than that of Tas2r receptor cells in the FF (Figure 2c ).
Ga-gustducin plays a critical role in sweet transduction in both the SP and the FF
To clarify similarities and differences in the contributions of Ga-gustducin to sweet signal transduction between the SP and FF, integrated neural responses to 4 sweet compounds (Suc, Sucra, Sac-Na, and Ace-K) were compared between gKO and C57 wild-type (WT) mice (Figure 3a ,b, Table 2 ).
In WT mice, neural responses to the 4 sweet compounds relative to the phasic response to 0.1 M NaCl in each nerve were 2-4 times greater in the GSP than in the CT, which is in agreement with previous reports in rats and hamsters (Nejad 1986; Harada and Smith 1992; Harada et al. 1997) . In gKO mice, both phasic and tonic neural responses of both the GSP and the CT to all 4 sweet compounds tested were significantly smaller (from 6.2% to 66.3%) than those in WT control mice (Figure 3b) . Both GSP and CT responses to Suc and Sucra were severely depressed in gKO mice. Phasic/tonic responses at the highest concentration tested, 1.0 M Suc and 0.01 M Sucra, were 8.3/19.5% and 6.2/8.3%, respectively, of those in WT mice in the GSP and 22.9/18.6% and 12.5/11.4%, respectively, in the CT (ANOVA; Suc: GSP-phasic/tonic, P < 0.0001; CT-phasic, P < 0.0001; CT-tonic, P = 0.0002; Sucra: GSP-phasic/tonic, P < 0.0001; CT-phasic/tonic, P < 0.0001).
Sac-Na responses in both the GSP and the CT were significantly smaller in gKO mice than in WT mice (ANOVA; GSP-phasic/tonic, P < 0.0001; CT-phasic, P = 0.0058; CTtonic, P = 0.016); however, the impact was least severe among responses to the 4 sweet tastants tested in each taste nerve, and substantial responses remained in gKO mice (Figure 3) . Compared with WT mice, 34.0/43.7% (GSP-phasic/tonic) and 61.5/ 66.3% (CT-phasic/tonic) of Sac-Na responses remained in gKO mice at the highest concentration tested (0.1 M).
Like the responses to Suc and Sucra, Ace-K responses were severely reduced in the GSP in gKO mice but the responses in the CT were reduced less than in the GSP and substantial responses remained similar to Sac-Na (AN-OVA; GSP-phasic/tonic and CT-tonic, P < 0.0001; CTphasic, P = 0.0011). Compared with WT mice, only 8.2/ 12.1% of phasic/tonic responses remained in the GSP of gKO mice at the highest concentration tested (0.1 M), whereas 46.2% of phasic response remained in the CT of gKO mice.
The functional significance of Ga-gustducin in bitter transduction differs between the SP and the FF Four bitter compounds (QHCl, Den, Prop, and CX) were tested in the taste nerve recordings to evaluate the contribution of Ga-gustducin to bitter taste transduction (Figure 4a ,b, Table 2 ). In the WT mice, neural responses to these 4 bitter compounds were 2-5 times greater in the GSP than in the CT, which is similar to the responses to sweet compounds. However, the impact of Ga-gustducin KO showed clear differences between GSP and CT to the 4 bitter compounds.
In the GSP of gKO mice, both phasic and tonic neural responses to all 4 bitter compounds were markedly smaller than in WT mice. Phasic/tonic responses in gKO mice were reduced to 32.4/38.5% of QHCl, 31.1/22.7% of Den, 10.3/2.0% of Prop, and 19.1/14.2% of CX responses of WT mice at the highest concentration tested (1 · 10 -2 M QHCl, 3 · 10 -2 M Den, 1 · 10 -2 M Prop, and 1 · 10 -5 M CX) (ANOVA, P < 0.0001). The dose-response curves for QHCl and Den in gKO mice were shifted to the right with an apparent elevation in thresholds. Thresholds for QHCl and Den in gKO mice were 3 · 10 -4 and 1 · 10 -3 M, respectively, that were 1-2 log units higher than those in WT mice. The apparent elevation in thresholds was observed only in responses of the GSP to QHCl and Den.
In the CT, in contrast to the GSP, the apparent reduction in nerve responses was noted only for CX among the 4 bitter compounds tested in gKO mice. Phasic/tonic responses to CX in gKO mice were markedly reduced to 30.5/19.0% of WT mice at the highest concentration tested (1 · 10 -5 M) (ANOVA, P < 0.0001). However, there was no statistically significant reduction in the phasic responses to QHCl and Den (ANOVA; QHCl: P = 0.22; Den: P = 0.75), whereas there was a trend for QHCl responses to be weaker than that in WT mice. For QHCl responses, a statistically significant reduction was noted in the tonic responses in gKO mice (ANOVA; CT-tonic, P = 0.043) but post hoc analysis supported the significant differences only at the medium concentration (post hoc; P = 0.0053, 3 · 10 -4 M; P = 0.014, 1 · 10 -3 M; P = 0.037, 3 · 10 -3 M). For responses to Den, a significant reduction was also noted in the tonic responses in gKO mice (ANOVA; CT-tonic, P = 0.0026) and post hoc analysis supported significant differences at high concentration (post hoc; P = 0.021, 3 · 10 -2 M; P = 0.0087, 3 · 10 -2 M). The remaining Den response in gKO mice was 38.8% of WT mice at the highest concentration tested (3 · 10 -2 M). Response to Prop in the CT was small even in WT mice. Although there was a trend for the phasic/tonic responses to Prop to be weaker in gKO mice than in WT mice, no statistically significant differences occurred between gKO and WT mice.
Discussion
In the present report, we demonstrated that Ga-gustducin was expressed in 91% of sweet (Tas1r2) cells in the SP in mice and confirmed previous findings that about 90% of Tas1r2 cells express Ga-gustducin in the FF (Kim et al. 2003; Shigemura et al. 2008) . We also demonstrated in mice that Response magnitudes are expressed as percentages against phasic response to 0.1 M NaCl. Mean response magnitudes from the GSP (left) (gKO; n = 5-7, WT; n = 5-8) and CT (right) (gKO; n = 5-7, WT; n = 5-6). All concentrations of a given compounds were tested on the same mice. The mice were typically tested with several, but not all, compounds. Error bars indicate standard deviation of the mean. Asterisks indicate statistically significant difference by post hoc analysis; ***P < 0.0001, **P < 0.001, *P < 0.05. Ga-gustducin was expressed in the vast majority of bitter receptor (Tas2r) cells, in both the SP and the FF (87% and 88%, respectively). The application of mixed probes of 21 Tas2rs, including CX-responsive mTas2r5 and Den-and Prop-responsive mTas2r8 , to in situ hybridization enabled us to analyze Tas2r expression in the FF that had not been detected by singular application of Tas2r probes. The expression pattern in the SP was consistent with our previous finding that Ga-gustducin was expressed in almost all type II cells in the rat SP (Miura et al. 2007) . It has now been demonstrated that Ga-gustducin is expressed both in sweet and in bitter cells in the SP and FF, differently from its selective expression in sweet cells in the CV.
In the SP, our data indicate that 49% and 46% of Ga-gustducin-positive cells express Tas1r3 and Tas2rs, respectively. This expression pattern appears to be supported by our neurophysiological data in gKO mice, in which both sweet and bitter responses were depleted in GSP. However, it was previously reported that 100% of Ga-gustducin-positive cells in the SP coexpressed Tas1r3 (Stone et al. 2007 ). This discrepancy may be due to differences in methods. In the previous study, immunohistochemistry was performed using rabbit antibodies to Ga-gustducin and Tas1r3. To detect 2 antigens using antibodies raised in the same species, anti-Ga-gustducin antibody diluted 1:20 000-1:30 000 was applied before the application of anti-Tas1r3 antibody diluted 1:200-1:300 adapting the protocol developed by Shindler and Roth (1996) . The antibody to Ga-gustducin may not be diluted enough to avoid the detection by the secondary antibody for anti-Tas1r3, or conversely, the antibody may be too diluted to detect weak expression of Ga-gustducin.
For sweet responses, we demonstrated for the first time that GSP responses to sweet compounds were greatly reduced in gKO mice. Our results also confirmed previous reports by showing CT responses to sweet compounds were markedly reduced in gKO mice (Wong et al. 1996; Ruiz-Avilla et al. 2001; He et al. 2002; Ruiz et al. 2003; Danilova et al. 2006) . The large Ga-gustducin dependency of sweet responses to Suc and Sucra in both the GSP and the CT simply reflected the overlapping expression of Ga-gustducin with Tas1r2 and Tas1r3 in the SP and FF and demonstrated a critical role of Ga-gustducin in sweet taste transduction.
With regard to Sac-Na and Ace-K responses, it is likely that Ga-gustducin-dependent component largely reflects Response magnitudes are expressed as percentages against phasic response to 0.1 M NaCl. Mean response magnitudes from the GSP (left) (gKO; n = 5-7, WT; n = 5-6) and CT (right) (gKO; n = 5-6, WT; n = 5-6). All concentrations of a given compounds were tested on the same mice. The mice were typically tested with several, but not all, compounds. Error bars indicate standard deviation of the mean. Asterisks indicate statistically significant difference by post hoc analysis; ***P < 0.0001, **P < 0.001, *P < 0.05. sweet responses mediated by the combination of Gagustducin and Tas1r2/Tas1r3 receptors. However, nonsweet responses should be considered to be evoked by these compounds, including Na + or K + responses. It is known that in humans, the taste sensation of these compounds shifts from sweet to bitter and/or metallic as concentration increases (Helgren et al. 1955; Schiffman et al. 1985; Horne et al. 2002) . Furthermore, 2 human TAS2R bitter receptors (TAS2R43 and TAS2R44) were identified to be responsive to Sac-Na and Ace-K (Kuhn et al. 2004) . Although mouse Tas2r receptors responsive to these compounds remain unclear, it is certain, based on the aversive behavior of Tas1r3 knockout mice to these compounds (Damak et al. 2003) , that not only sweet taste but also unpleasant sensations are evoked in a concentration-dependent manner. Expression analysis of Tas1r2 and Tas2rs in combination with response analysis at the single-cell level is needed for further interpretation of Sac-Na and Ace-K responses. With regard to relatively higher Ga-gustducin-independent responses to Sac-Na and Ace-K among 4 sweet tastants in the CT compared with the GSP, the greater salt responses to Na + or K + ion of Sac-Na or Ace-K, respectively, in the CT than in the GSP may be involved, as reported previously in rats (Harada and Smith 1992; Harada et al. 1997) .
Recently, it was reported that gurmarin inhibition of sweet taste responses was associated with coexpression of sweet receptor with Ga-gustducin, providing a molecular basis to explain the difference in gurmarin sensitivity between not only locations (CT vs. GL) but also between mouse strains (C57BL/6 vs. Balb/c) (Ohkuri et al. 2009; Shigemura et al. 2008; Yasumatsu et al. 2009 ). Based on this hypothesis, our data likely suggest the gurmarin sensitivity of GSP sweet responses. This is also supported by the large gurmarin sensitivity in GSP responses in rats in which Ga-gustducin was expressed in almost all type II cells in the SP (Harada and Kasahara 2000; Miura et al. 2007) .
For bitter responses, the great impact of gKO on the GSP responses to bitter compounds simply reflected the expression pattern in the SP and elucidated the indispensable role of Ga-gustducin in robust bitter responses in GSP. In contrast, the impact of gKO on the CT responses to bitter stimuli was small and differed among bitter compounds in spite of the similar extensive expression of Ga-gustducin in bitter cells in the FF as in the SP.
Tas2r bitter receptor family consists of ;30 members in mice, and each of them is assumed to have a distinctive repertoire and particular affinity for bitter tastants Chandrashekar et al. 2000; Matsunami et al. 2000) . Recently, Meyerhof et al. (2010) demonstrated that bitter compounds differed in their capacity to stimulate human TAS2R receptors (hTAS2Rs) by examining 104 bitter chemicals and 25 hTAS2Rs. They showed QHCl and Den activated 9 and 8 hTAS2rs, respectively, whereas CX and Prop activated only one hTAS2R receptor. Although the exact number of mouse Tas2rs responsive to QHCl and/or Den remains unclear, the responses to QHCl and Den in the GSP may be generated by a combinatorial activation pattern of multiple Tas2rs in different concentrations.
In the present study, we found that GSP responses to QHCl and Den were significantly reduced in gKO mice and that each dose-response curve was shifted to the right with an apparent elevation in threshold. If the marked elevation of thresholds in gKO mice is caused by a decrease of binding affinity between the Tas2rs and tastants, it is likely that the right shift of the dose-response curves for these 2 chemicals may be mainly caused not by simple change in transduction efficiency but by the change of active Tas2r receptors responsive to these compounds. In this hypothesis, at least 2 types of Tas2rs appear to be involved in SP responses, one has high and the other has low affinity for the tastants. High-affinity type Tas2rs may specifically interact with Gagustducin and are responsible to the robust QHCl and Den responses in WT mice, whereas low-affinity type Tas2rs may be able to interact with Ga subunits other than Ga-gustducin. Alternatively, if the same Tas2rs are involved in QHCl and Den responses in both WT and gKO mice, it is likely that the biding affinity between the Tas2rs and tastes may be altered depending on the change of Ga subunits coupled to the receptors as shown in olfactory receptors expressed with Golf or Ga15 in HeLa cells (Shirokova et al. 2005 ). However, we cannot rule out the possibility that residual responses in the gKO mice are due to nontaste-specific or non-Tas2r mechanisms. Further studies on the expression of Tas2rs and Ga subunits in combination with response analysis at the singlecell level are needed for accurate interpretation of the right shift of the dose-response curves.
Several non-Ga-gustducin Ga subunits, including Gai2, Gai3, Gas, Ga15, and Gaq, were reported to be expressed in taste buds (Kusakabe et al. 1998 (Kusakabe et al. , 2000 Asano-Miyoshi et al. 2000; Ueda et al. 2003) . Although in the CV a previous study suggested the involvement of Gai2 in bitter signal transduction based on the findings that some bitterresponsive taste cells express Gai2, but not Ga-gustducin (Caicedo et al. 2003) , the significance of these Ga subunits in the FF in bitter transduction is largely unknown. In the CT, we showed that gKO had a limited or no impact on QHCl and Den responses, especially on the phasic response. Recently, it was reported that most of the QHCl-responsive Ga-gustducin cells in the FF were also responsive to Den and CX (Yoshida et al. 2009 ). Taken together with our expression data in the FF, our neurophysiological data suggest that the CT responses to QHCl and Den in gKO mice may be mediated by other Ga subunits coexpressed with Gagustducin in the same cells in FF. Our data also suggest that the contribution of Ga-gustducin to these signaling processes might not be dominant in WT mice. However, the reduction of the tonic responses to these compounds in the CT in gKO mice suggested the involvement of Ga-gustducin in these signaling processes, and its significance is supported by the previous findings that the forced expression of dominant-negative form of Ga-gustducin in Ga-gustducinexpressing cells largely decreases the responsiveness to QHCl and Den (Ruiz-Avilla et al. 2001) .
Although the relative magnitude of CT responses to CX was significantly smaller than that to QHCl or Den in the CT, the CX response was largely depleted in gKO mice, simply reflecting the overlapping expression between Tas2rs and Ga-gustducin. If these chemicals are detected by the same Ga-gustducin cells in the FF as mentioned above, the difference in the impact of gKO among these compounds in the CT reflects the selective interaction between Tas2r receptors and Ga subunits in the FF. mTas2r5 is the only Tas2r receptor known to be responsive to CX . It was reported that mTas2r5 interacted with Ga-transducin much more effectively than with Gai1, Gao, Gaq, or Gas (Sainz et al. 2007 ), whereas Ga-gustducin was not tested. mTas2r5 may interact more selectively with Ga-gustducin than Tas2rs responsive to QHCl or Den in the FF.
In summary, we have demonstrated that a vast majority of both bitter and sweet cells express Ga-gustducin in both the SP and the FF. In the SP, Ga-gustducin plays a critical role in both sweet and bitter transduction. In the FF, it was also critical for sweet transduction, but its functional significance for bitter transduction was noted only for CX among 4 bitter tastants assayed, and the contribution of other Ga subunits in Ga-gustducin-expressing cells was suggested for the responses to QHCl and Den.
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